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ion of dual p53-MDM2/MDMX
interaction inhibitors through virtual screening and
hit-based substructure search†

Si Chen,‡a Xiang Li,‡ab Weirong Yuan,b Yan Zou,a Zhongwu Guo,*a Yifeng Chai*a

and Wuyuan Lu*b

Multi-target agents have garnered great interest over the past decade for their favorable therapeutic

efficacy and drug resistance profiles. Recently, dual inhibition of the p53 tumor suppressor interaction

with its two negative regulators MDM2 and MDMX has become an attractive anticancer approach as it

can induce sustained MDM2/MDMX antagonism and robust p53 activation. However, small molecule

inhibitors with dual specificity against MDM2 and MDMX are difficult to design and are still scarce. To

identify novel scaffolds for dual inhibition of the p53-MDM2/MDMX interactions, we developed two five-

point pharmacophore models for filtering the 2012 National Cancer Institute database, from which

molecular docking was conducted to identify dual inhibitors. We found 38 virtual hits and subjected

them to a fluorescence polarization-based competitive binding assay, resulting in 10 active compounds

of different scaffolds. To further expand the chemical diversity of the initial hits, we performed a hit-

based substructure search and identified NSC148171 from pharmacophore 1 as the most potent dual-

specificity inhibitor with Ki values for MDM2 and MDMX at 0.62 and 4.6 mM. All hits were subjected to

inhibition assay of cancer cellular vitality and showed anti-proliferative activity roughly correlated with

their Ki values. This work not only yields several novel scaffolds for further structural and functional

optimization of dual-specificity inhibitors of the p53-MDM2/MDMX interactions, but also showcases the

power of our computational methods for small molecule anticancer drug discovery.
Introduction

Multi-target drugs have attracted considerable attention for the
past decade as viable therapeutic solutions to complex diseases
and growing incidences of drug resistance.1 While a single-
target strategy has proven useful to treat some single gene
disorders, it fails to alleviate many complex ones involving
multiple factors.2 Due to the compensatory mechanisms and
redundant functions, biological systems can tolerate single-
point disturbance.3 From this aspect, complex diseases are
oen caused by the breakdown of physiological systems owing
to multiple genetic and/or environmental factors, thus they are
more possibly healed or alleviated though simultaneous
adjustment of multiple targets.4 Moreover, a dual inhibitor has
great advantages over the combination of two single-target
drugs as it can eliminate the necessity of optimizing
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individual inhibitors' doses for efficacy and potential compli-
cations of drug–drug interactions.5 Therefore, the design of
multi-target compounds is recently an area of great interest in
the pharmaceutical industry, especially for the treatment of
cancers.6

p53 is a tumor suppressor, which transcriptionally regulates
the expression of various target genes that mediate cell-cycle
arrest, DNA repair or apoptosis in response to cellular stresses
such as DNA damage or oncogene activation.7 All these cellular
responses are designed to prevent damaged cells from prolif-
erating and passing mutations on to the next generation.8 Not
surprisingly, in almost all human cancers the p53 pathway is
defective due to either loss-of-function mutations in the DNA-
binding domain of p53 or functional inhibition of wild-type
p53 by its two negative regulators, i.e., MDM2 and MDMX.9,10

Ample evidence shows that MDM2 primarily controls p53
stability through ubiquitination to target the tumor suppressor
protein for constitutive degradation by the proteasome, whereas
MDMX mainly acts as a signicant p53 transcriptional antago-
nist independently of MDM2.7,11–14 Simultaneous disruption of
the p53-MDM2/MDMX interactions has been shown to achieve
sustained and robust p53 activation, promising a highly
attractive strategy for anticancer therapy.15
RSC Adv., 2017, 7, 9989–9997 | 9989
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Although multi-target drugs have advantages, they are diffi-
cult to identify and design. Recently, several laboratories con-
ducted in silico screening to identify dual inhibitors targeting
the p53-MDM2/MDMX interactions,16,17 and all reported hits
showed weak activity. In this study, we aim to develop a virtual
screening method coupled with a hit-based substructure search
strategy for identifying more potent dual inhibitors of the p53-
MDM2/MDMX interactions. Virtual hits were subjected to
a uorescence polarization (FP) based competitive binding
assay.18 Our strategy will likely provide a new and efficient
method for the identication of novel dual inhibitors of the
p53-MDM2/MDMX interactions with therapeutic potential.

Materials and methods
Data set of dual inhibitors of MDM2 and MDMX

1712 chemical structures of MDM2 and/or MDMX inhibitors
were retrieved from the ChEmBL database (https://
www.ebi.ac.uk/chembl/), of which 63 entries with bioactivities
(Kd, Ki, or IC50) measured against both MDM2 and MDMX were
deemed “dual inhibitors” used in our study for their scaffold and
R-group analysis. The analysis of scaffold was performed using
“Scaffold Hunter”19 and “ChemAxon's Fragmenter” (http://
www.chemaxon.com/), that implemented the RECAP20 algo-
rithm. The module “Find molecules from a library with similar
ngerprints to the reference compound” in Discovery studio 2.5
was used to analyze R-groups. Minimum similarity is set to 0.6.
The structure and bioactivity information on these compounds is
listed in Table S1 in the ESI.† The molecular weight (MW) and
hydrophobicity parameter A log P (Ghose–Crippen–Viswanadhan
octanol–water partition coefficient) of 63 inhibitors were
acquired by using “Calculate Various Molecular Properties for
Ligands” module in Discovery studio 2.5. The density plots were
made by the soware R 3.2.3 (https://www.r-project.org/).

Structural selection and energy minimization

The structures of MDM2-RO-2443 (PDB CODE: 3VBG), MDMX-
RO-2443 (PDB CODE: 3U15), MDM2-K23 (PDB CODE: 3LBK),
and MDMX-WW8 (PDB CODE: 3LBJ) were downloaded from the
Protein Data Bank (http://rcsb.org). We chose the above struc-
tures because both MDM2 and MDMX proteins can bind to the
same inhibitor (RO-2443) or inhibitors of highly similar scaf-
folds (K23 and WW8). Discovery studio 2.5 was used to prepare
the above structures through residual repair and energy mini-
mization as previously described.21

Molecular docking for the ligand-MDM2 and -MDMX
interactions

Molecular docking of a series of compounds was conducted for
MDM2 and MDMX. The “dene and edit binding site” module
in Discovery studio 2.5 was used to dene the binding pockets
of MDM2 and MDMX. Co-crystallized compounds were used to
dene the pocket of protein. CDOCKER, a docking module in
Discovery studio 2.5, was used to generate the detailed ligand–
protein interactions. All docking parameters are default in
CDOCKER module.
9990 | RSC Adv., 2017, 7, 9989–9997
Pharmacophoric ltering for MDM2/MDMX

Structural details from known dual inhibitors of MDM2/MDMX
were used to generate pharmacophoric lters. Aer structural
analysis, two skeletons were chosen to form two pharmaco-
phore models. The reasons for choosing these two skeletons
were discussed in the section “Pharmacophore model and
Virtual Screening”. The pharmacophore module in discovery
studio 2.5 was used to construct these two ve-point pharma-
cophore models. The NCI database was further ltered with
above models. We used default parameters in the pharmaco-
phore module in Discovery studio.
Virtual screening for dual inhibitors of p53-MDM2/MDMX
interactions

Aer ltering the NCI database, we performed further virtual
screening against MDM2 andMDMX bymolecular docking. The
CDOCKER program in Discovery studio 2.5 was used to further
screen the NCI database. Default parameters were used during
the docking process, followed by the “Analyze Ligand Poses”
process and computation of hydrogen (H)-bonds between
receptor and ligand poses. We only chose ligands that can form
H-bonds with the same residues as seen in the crystal structure.
FP based competitive binding assay

In order to determine quantitatively the binding affinities of the
compounds for MDM2 and MDMX, we used the previously
established FP-based competitive binding assay.18 MDM2(25-
109) and MDMX(24-108) proteins were chemically synthesized
and structurally and functionally characterized as described
previously.7 A phage-selected dual-specicity peptide antagonist
of both MDM2 (Kd ¼ 3.2 nM) and MDMX (Kd ¼ 8.5 nM), termed
PMI (TSFAEYWNLLSP),7 was uorescently labeled. Succinimidyl
ester-activated carboxytetramethylrhodamine (TAMRA-NHS)
was covalently conjugated to the N-terminus of PMI, yielding
TAMRA-PMI. The Kd values of TAMRA-PMI with MDM2 and
MDMX were determined to be 0.62 and 0.72 nM, respectively.
The specicity of binding was conrmed by competitive
displacement of TAMRA-PMI from MDM2/MDMX by unlabeled
PMI. Dose-dependent, competitive binding experiments were
performed with serial dilution of test compound in DMSO. The
test compound, MDM2/MDMX protein (50 nM) and TAMRA-
PMI peptide (10 nM) in PBS (pH 7.4) were added to a Costar
96-well, black, round-bottom plate (Corning #3993) to produce
a nal volume of 125 mL. The polarization values were measured
aer 30 min of incubation at room temperature on a Tecan
Innite M1000 plate reader at lex ¼ 530 nM, lem ¼ 580 nM.
Curve tting was performed using GRAPHPAD PRISM4 so-
ware. Ki values were calculated as described previously for FP-
based assays.18
In vitro antiproliferative activity

The cellular growth inhibitory activity was evaluated by
a human primary glioblastoma cell line U87 (wild-type p53),
which was obtained from American Type Culture Collection
(ATCC). Cells were maintained in DMEM supplemented with
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Analysis of scaffolds and R-groups for 63 dual inhibitors. The
numbers represented the counts that were involved in 63 dual
inhibitors.

Fig. 2 Distribution of molecular weight and A log P of known dual
inhibitors.

Fig. 3 Two-dimensional pharmacophore models. (A) This model was ba
was used as a representative structure to highlight pharmacophores a
aromatic centers (H), one H-bond acceptor (A) and two H-bond donors (
structure to show the pharmacophore model. We used a five-point pha

This journal is © The Royal Society of Chemistry 2017
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10% heat-inactivated FBS and 100 units per mL penicillin/
streptomycin at 37 �C in a humidied atmosphere of 5% CO2.
An amount of 3000–5000 cells per well was transferred to 96-
well plates. Aer culturing for 12 h, the test compounds were
added to triplicate wells at 100 mM and 0.1% DMSO for control.
Aer 72 h of incubation, 20 mL per well MTS Reagent was added
into each well and incubate for 2 hours at 37 �C in standard
culture conditions. Shake the plate briey on a shaker and
measure absorbance of treated and untreated cells using
a Tecan Innite M1000 plate reader at OD with 490 nm. Wells
containing no drugs were used as blanks. In order to avoid
colorimetric interference, we used each compound (100 mM)
dissolved in cell culture without cells as a negative control, and
its absorbance value was deducted from that of sample well.22

Nutlin-3 (Sigma-Aldrich, 50 mM) was used as a positive control
to validate the assay.
PAINS (pan-assay interference compounds) predictions

To eliminate false positive hits, we used PAINS-remover (http://
www.cbligand.org/PAINS)23 as an additional lter to exclude
potential promiscuous binders.
Results and discussion
Scaffolds and R-groups of known dual inhibitors of MDM2
and MDMX

The 63 dual inhibitors of MDM2 and MDMX (Table S1†) can be
mainly categorized into 6 different scaffolds (Fig. 1). Further
structural analysis identied 4 major R-groups found predom-
inantly in 46 dual inhibitors of MDM2 and MDMX, with p-
halogen substituted phenyl being the most abundant. The
analysis of structural properties of dual inhibitors may provide
sed on two dual inhibitors, including RO-2443 and RO-5963. RO-2443
t the binding site. H2A1D2 showed two hydrophobic or hydrophobic
D). (B) For K23, WW8, 4t, and nutlin-3, 4t was chosen as a representative
rmacophore match allowing H3A1D1.

RSC Adv., 2017, 7, 9989–9997 | 9991
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Table 1 Chemical structures and MDM2/MDMX inhibitory activities of the hits from virtual screening

Compound
ID Structure Pharmacophore model NSC number A log P MW Ki (mM) MDM2 Ki (mM) MDMX

S1 1 142515 3.16 427.41 2.13 � 0.21 4.50 � 0.54

S2 2 623731 3.8 500.31 6.42 � 1.37 11.25 � 2.27

S3 2 289919 5.13 387.45 17.36 � 3.51 72.20 � 5.86

S4 2 149506 1.5 488.88 38.82 � 2.26 23.06 � 1.58

S5 2 676363 3.09 361.87 30.98 � 3.25 >200

S6 2 671360 4.39 472.52 48.90 � 4.20 >200

S7 1 270117 1.91 330.4 56.03 � 4.73 >200

S8 2 128646 6.45 413.49 77.15 � 6.16 >200

S9 1 14143 0.61 327.34 92.97 � 8.46 >200

S10 1 282763 2.88 317.34 135.58 � 6.97 >200

9992 | RSC Adv., 2017, 7, 9989–9997 This journal is © The Royal Society of Chemistry 2017

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 9
:0

6:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00473g


Fig. 4 Chemical structures of potential inhibitors from in silico
screening. A FP-based binding assay using SynMDM2 (25-
109)/SynMDMX (24-108) and a p53-based peptide labeled with a fluo-
rescence tag was used to quantitate the binding affinities of the
compounds withMDM2/MDMX and to disrupt the interaction between
MDM2 and p53. Nutlin-3, NSC623721 and NSC148171 yielded Ki values
for MDM2 competitive antagonism of 0.0053 � 0.0013, 6.42 � 0.006
and 0.62 � 0.014 mM, respectively. Nutlin-3, NSC623721 and
NSC148171 inhibited TAMRA-PMI binding to MDMX with Ki values of
1.23 � 0.010, 11.25 � 0.006 and 4.6 � 0.011 mM, respectively. Nutlin-3
is a positive control. Values represent the mean � SEM of triplicate
experiments.
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useful information for the identication of new skeletons in
small molecule drug design.
Compound database preparation

Molecular properties such as molecular weight (MW) and hydro-
phobicity parameter A log P have been used extensively in modern
Table 2 Inhibitory Activity of Compounds HS1–HS3 for MDM2/MDMX c

Compound
ID Structure NSC number

S1 142515

HS1 148171

HS2 179406

HS3 111575

This journal is © The Royal Society of Chemistry 2017
drug discovery.24 Wemade a density plot of MW and A log P for 63
known dual inhibitors of MDM2 and MDMX retrieved from
ChEMBL (https://www.ebi.ac.uk/chembl/). As shown in Fig. 2, the
MW distribution of all known dual inhibitors ranged from 300 to
800, and their A log P distribution spanned from 0 to 9. These two
rules or parameters were then applied to the NCI database to
reduce the number of compounds in it from 265242 to 130105.
Pharmacophore model and virtual screening

The pharmacophore module in Discovery studio 2.5 was used to
construct two ve-point pharmacophore models. The rst model
was based on RO-2443 and RO-5963,10 and the second one on
K23, WW8, 4t and nutlin-3.10,25 We selected these compounds as
templates for two reasons. First, these compounds are dual
inhibitors. While RO-2443 and RO-5963 share the same skeleton,
K23, WW8, 4t and nutlin-3 possess similar pharmacophores.
Second, several crystal structures of some of these compounds in
complex with MDM2 and/or MDMX have been reported,25,26

showing two different binding modes of MDM2/MDMX at the
inhibitor–protein interface. MDM2 differs in binding mode
between its complexes with RO-2443 (PDB CODE: 3VBG) and K23
(PDB CODE: 3LBK), whereas MDMX shows a difference in
binding between its complexes with RO-2443 (PDB CODE: 3U15)
andWW8 (PDB CODE: 3LBJ). For clarity, we chose RO-2443 and 4
t as representative structures in respective models to highlight
pharmacophores at the binding site (Fig. 3). 4t was chosen
because it comprises all common pharmacophores contained
within K23, WW8 and nutlin-3 (PDB CODE: 5C5A).

Shown in Fig. 3A is RO-2443 in complex with MDM2 (red) and
MDMX (blue), where ve pharmacophores in the rst model
recognized by both proteins are composed of one H-bond
ompetitive binding

A log P MW Ki (mM) MDM2 Ki (mM) MDMX

3.16 427.41 2.13 � 0.21 4.50 � 0.54

3.07 426.42 0.62 � 0.21 4.60 � 1.17

1.23 378.34 10.41 � 2.37 >200

1.64 332.36 20.48 � 3.22 >200

RSC Adv., 2017, 7, 9989–9997 | 9993
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acceptor (A), two H-bond donors (D) and two hydrophobic or
aromatic centers (H). Docking studies of 4t in the context of the
complex structures of K23-MDM2 and WW8-MDMX led to the
identication of ve pharmacophores comprising three hydro-
phobic centers, one H-bond acceptor and one H-bond donor
(Fig. 3B). Residues involved in interactions with RO-2443 were
consistent with subsite interactions found in the known crystal
structures of MDM2 and MDMX complexed with small inhibi-
tors. These two models were applied to further lter the NCI
database. Pharmacophore 1 (Fig. 3A) shrunk 130105 compounds
into 32412 and pharmacophore 2 (Fig. 3B) narrowed down
130105 compounds to 29344 compounds.

A virtual docking screening was carried out on the optimized
3D chemical compound library. We validated the docking
method CDOCKER by re-dock the co-crystallized ligand to its
crystal structure, results showed that the original binding pose
could be reproduced, which demonstrated the reliability of our
docking method. Compounds screened on the basis of the rst
pharmacophoremodel (Fig. 3A) should have H-bond interactions
with Arg65A and Gln72A inMDM2 (3VBG), and Gln71A inMDMX
(3U15). For compounds derived from the second pharmacophore
model (Fig. 3B), they should at least form one H-bond with
MDM2 (3LBJ) or MDMX (3LBK). We obtained 567 compounds
Table 3 Inhibitory activity of compounds HS4–HS8 for MDM2/MDMX c

Compound ID Structure NSC number

S2 623731

HS4 623044

HS5 631520

HS6 623047

HS7 623043

HS8 631519

9994 | RSC Adv., 2017, 7, 9989–9997
that satised the criteria dened by both models, 38 of which
with sufficiently different scaffolds were available from the NCI
for our subsequent studies. It is worth noting that the CDOCKER
scoring is another useful criterion for virtual screening.27 We
used hydrogen bonding as the criterion in our work because it
has been shown by others that H-bonding makes critical ener-
getic contributions to the binding of small molecule compounds
to MDM2 and MDMX.28

Our results appear to validate the selection of H-bonding as
a viable criterion for screening with respect to these proteins.
Potential inhibitors from in silico screening

Wemeasured the binding affinities (Ki) of the 38 compounds for
MDM2 and MDMX in a FP-based competitive binding assay,
and ten of them exhibited moderate binding activity against
MDM2 and/or MDMX (Table 1). The previously identied dual-
specicity peptide inhibitor PMI and Nutlin-3a were used as
positive controls, which yielded respective Ki values for MDM2
of 3.0 and 5.1 nM, and for MDMX of 4.9 nM and 1.54 mM,
similar to the values reported in the literature.23,29 Two
compounds, NSC142515 (S1) and NSC623731 (S2) (Table 1),
derived from the two different models, emerged as the best dual
inhibitors tested. NSC142515 bound to MDM2 and MDMX with
ompetitive binding

A log P MW Ki (mM) MDM2 Ki (mM) MDMX

3.8 500.31 6.42 � 1.37 11.25 � 2.27

3.02 491.31 14.14 � 1.19 >200

4.97 512.54 28.05 � 1.64 >200

5.81 537.55 32.74 � 2.85 143.80 � 8.17

2.78 450.47 40.82 � 3.37 73.14 � 5.61

3.83 492.36 70.14 � 8.12 25.20 � 2.28

This journal is © The Royal Society of Chemistry 2017
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respective Ki values of 2.13 and 4.50 mM, and for NSC623731 the
Ki values were 6.57 and 11.25 mM, respectively (Fig. 4).
Hit-based substructure search

The two scaffolds (NSC142515 and NSC623731) representing
novel chemotypes for dual inhibition of the p53-MDM2/MDMX
interactions were selected for hit-based substructure search in
the NCI database, yielding three analogs of NSC142515 (HS1-3)
and ve analogs of NSC623731 (HS4-8) available for bioactivity
evaluation (Table 2). In the rst set of three analogs, only HS1
showed improved binding to MDM2 by 3-fold (Ki ¼ 0.62 mM)
while maintaining the same binding affinity for MDMX as
NSC142515 (Fig. 4). NSC142515 differs fromHS1 by a single atom
in the scaffold, with a pyridine ring in the former replaced by
a phenyl structure in the latter (Table 2). Interestingly, HS2,
where the pyridine ring of NSC142515 is replaced by a carbonyl
structure, displayed little binding to MDMX at 200 mM and
reduced activity against MDM2 (10.4 mM), indicative of the
Fig. 5 Detailed binding modes of dual inhibitors with MDM2 and MDMX.
2443 (crystalized ligand, cyan) with MDM2 (PDB-ID: 3VBG). ARG65 and G
2443. However, TYR-67 can only form a hydrogen bond with RO-2443.
RO-2443 (crystalized ligand, cyan) withMDMX (PDB-ID: 3U15). GLN71 for
RO-2443 can form a second hydrogen bond with GLN71, NSC148171
modes of NSC623731 (magenta) and K23 (crystalized ligand, cyan) with
NSC623731 (magenta) and WW8 (crystalized ligand, cyan) with MDMX (P
deleted. Two residues, LEU54 (MDM2) and MET53 (MDMX), formed stro

This journal is © The Royal Society of Chemistry 2017
importance of an aromatic center in the compound for main-
taining its optimal interactions with MDM2 and MDMX.
Although the substructure search turned up 5 active analogs of
NSC623731 against MDM2 and/or MDMX, none of them showed
improved binding to either protein compared with the parent
compound. It should be pointed out that due to the limited
availability from the NCI of the analogs of both NSC142515 and
NSC623731, structure-to-activity relationship studies of more
compounds from commercial sources or custom-synthesis may
be needed to obtain more potent dual inhibitors of MDM2 and
MDMX (Table 3).
Insight into the binding modes of active compounds against
MDM2/MDMX

The detailed interactions of HS1 (NSC148171) and NSC623731
with MDM2/MDMX were modeled (Fig. 5). Compared with the
known dual inhibitors, these two compounds share high simi-
larities in their bound states. As shown in Fig. 5A, both
(A) The comparative binding modes of NSC148171 (magenta) and RO-
LN72 can both form strong hydrogen bonds with NSC148171 and RO-
(B) Detailed comparative binding modes of NSC148171 (magenta) and
med strong hydrogen bondswith both NSC148171 and RO-2443. While
can form a hydrogen bond with TYR66. (C) The comparative binding
MDM2 (PDB-ID: 3LBK). (D) Detailed comparative binding modes of
DB-ID: 3LBJ). To simplify the binding site, some atoms in WW8 were
ng hydrogen bonds with both NSC623731 and crystalized ligands.
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Fig. 6 (A) In vitro antiproliferative activity of S1–S10 and HS1–HS8
against U87 cell line (wild-type p53), as determined by the standard
MTS cell viability assay. Nutlin-3 (50 mM) was used as a positive control.
Each column is the average of two separate experiments. (B) The
correlation of the sequence of compounds' Ki value with their percent
cell viability.
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NSC148171 (derived from pharmacophore model 1) and RO-
2443 (co-crystallized ligand) form strong H-bonds with Gln72A
and Arg65A in MDM2. RO-2443 forms two H-bonds with
Gln72A, whereas NSC148171 only forms one H-bond with
Gln72A. This may explain the difference in activity between RO-
2443 (IC50¼ 33 nM)26 and NSC148171 (Ki¼ 620 nM) (Fig. 5A and
B). Although both NSC148171 and RO-2443 form H-bonds with
Gln71A in MDMX (PDB CODE: 3U15), NSC148171 only forms
one H-bond with Gln71A, likely leading to a lower binding
activity of NSC148171 (IC50 ¼ 41 nM for RO-2443 versus Ki ¼ 4.6
mM for NSC148171). Of note, NSC148171 forms an additional H-
bond with Tyr-66A, but its energetic importance remains
unclear.

As shown in Fig. 5C, Leu54 in MDM2 (PDB CODE: 3LBK)
forms a strong H-bond with NSC623731 (derived from pharma-
cophore model 2) and K23 (co-crystallized ligand), likely
contributing to the activity of NSC623731 (Ki ¼ 6.57 mM) to some
extent. Unlike K23, NSC623731 lacks critical hydrophobic inter-
actions with Leu54A and His96A of MDM2, a possible reason for
its lower activity than K23 (Ki ¼ 0.96 mM). Both NSC623731 and
WW8 (co-crystallized ligand) form an H-bond with Met53 of
MDMX (PDB CODE: 3LBJ) (Fig. 5D), and project hydrophobic
groups toward Met61, Ile60, Gly57, Val92 and Tyr66, thereby
explaining their similar activities (Ki ¼ 11.25 mM for NSC623731,
Ki ¼ 11 mM for WW8). Taken together, our modeling studies
demonstrate that site-specic H-bonding and hydrophobic
interactions contribute to the binding of our inhibitors to MDM2
and MDMX. These structural features of interaction may facili-
tate further screening for more potent dual inhibitors of the p53-
MDM2/MDMX interactions.

In vitro antiproliferative activity

To investigate the in vitro antiproliferative activity of all hits,
a human primary glioblastoma cell line, U87 (wild-type p53) was
used for assaying with nutlin-3 as a positive control. The percent
cell viabilities of compounds at 100 mM versus control were shown
in Fig. 6A. In general, these dual inhibitors displayed varying
activity against U87. As shown in Fig. 6B, with decreased
competitive binding affinity againstMDM2 andMDMX from S1 to
S4, there exist rough decreased inhibitory effect against U87 cell
line, which reected the negative correlation between Ki value and
inhibitory activity. Similar phenomenon can also be noticed in
same series of compounds, such as from S6 to S9 (selectively
against MDM2), from HS1 to HS3 and from HS4 to HS8 (against
MDM2). Whereas, the S5, S10 and HS4 were an exception, we
inferred that there were other target proteins of these compounds
to cause the antiproliferative activity. Of note, the highly active S6
compound contains a nitro group, which can be cytotoxic in
vitro.30 Whether or not the nitro group contributes to the strong
activity of S6 remains to be further investigated.

PAINS remover

PAINS risks of our validated hits were predicted as described.23

S8 (128646) and HS3 (111575) were identied as potential
PAINS, suggesting that S8 and HS3 may be false positive hits
and not ideal scaffolds for further structural optimization.
9996 | RSC Adv., 2017, 7, 9989–9997
Conclusions

In the present study, we developed a virtual screening method
coupled with hit-based substructure search strategy to identify
dual inhibitors of the p53-MDM2/MDMX interactions, and ob-
tained a series of novel scaffolds with moderate inhibitory
activity against both target proteins. The most active
compounds from different pharmacophores, NSC623721 and
NSC148171, showed low micromolar binding affinity for both
MDM2 and MDMX, signicantly lower than that of known dual
inhibitors discovered by in silico screening methods re-
ported.16,17 Molecular docking analysis of the binding of
NSC623721 and NSC148171 withMDM2 andMDMX has yielded
structural information useful for improved in silico screening
and chemical modication. All hits were demonstrated to
possess anti-proliferative activity of human primary glioblas-
toma cell line U87 (wild-type p53) and the activities roughly
correlated with their Ki values. Additional SAR studies of both
compounds are necessary to further augment their activity
against MDM2 and MDMX, leading ultimately to the discovery
of potent dual inhibitors with therapeutic efficacy for cancer
treatment. Our new strategy based on pharmacophore models
andmolecular docking will facilitate future virtual screening for
novel dual inhibitors of the p53-MDM2/MDMX interactions for
anticancer therapy.
This journal is © The Royal Society of Chemistry 2017
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